A retrospective study was designed to evaluate tinnitus (ringing or other sounds in the ears or head) as a potential early indicator of permanent hearing loss in a population of noise exposed workers. Data were examined from 91 male employees working in environments with noise levels ranging from 8 hour time weighted averages of 85 to 101 dBA over a period of 15 years. Results of annual audiometric testing were obtained as part of an ongoing hearing conservation program conducted since 1971 by ESCO Corporation, a steel foundry located in the Portland, Oregon metropolitan area. Results indicate the prevalence of tinnitus increases more than two and one half times for workers experiencing maximum threshold shifts "",,15 decibels in hear-
I t is estimated that in the United States approximately 30 million workers are exposed to occupational noise . levels potentially hazardous to hearing (Merry, 1995) . Despite the efforts of the Occupational Safety and Health Administration (OSHA) to minimize the consequences of noise in the work environment, significant numbers of new cases of both noise induced hearing loss and tinnitus (ringing' or other noises in the ears or head) occur each year.
It has been clearly established that individuals differ greatly in susceptibility to damage from noise exposure. However, efforts to identify workers at risk for developing permanent noise induced hearing loss have so far proven unsatisfactory (Henderson, 1993; Newby, 1985; Ward, 1995) . A number of studies have reported theassodation between noise induced hearing loss and tinnitus (Alberti, 1987; Chung, 1984; Man, 1981; McShane, 1988; Meikle, 1989; Miller, 1984; Neuberger, 1992; Phoon, 1993) . However, very little information is available related to the temporal relationship of tinnitus to permanent hearing loss. Vernon (1977) recognized early there is a need to study tinnitus temporarily induced by noise to determine whether it is a potential risk factor for both permanent hearing loss and tinnitus. Other studies also have suggested that tinnitus produced by noise exposure may be an early indicator of damage to the ear, leading eventually to permanent noise induced hearing loss (Bauer, 1991; Coles, 1987; Meikle, 1991; Neuberger, 1992; Osguthorpe, 1991; Ward, 1976) . Evidence suggesting permanent noise induced tinnitus may appear after a considerable duration of noise exposure also has been reported (Axelsson, 1992; McShane, 1988) .
The present research was designed in an effort to better understand the temporal relationship of tinnitus to permanent hearing loss. Threshold shifts at 4000 Hertz were examined in individuals from an occupational noise exposed population, based on 15 year longitudinal data. Areas of interest were: • The prevalence of tinnitus compared to maximum threshold shifts at 4000 Hertz. • The temporal relationship of tinnitus to maximum threshold shifts at 4000 Hertz.
METHOD
A retrospective study was conducted using longitudinal data obtained from 91 male employees working in environments with average noise levels ranging from 85 to 101 dBA over a period of 15 years. The data summarized in the present report include the results of annual audiometric testing for both ears at 500, lk, 2k, 3k ,4k, and 6k Hertz for each subject over the 15 year period. These observations were obtained as part of an ongoing hearing conservation program conducted since 1971 by ESCO Corporation, a steel foundry located in the Portland, Oregon metropolitan area. Audiometric examinations were conducted during normal work shifts. This testing procedure was included in the design of the hearing conservation program so that comparisons with baseline audiograms could be used to reveal any early indications of hearing loss resulting from hearing protection inadequacies. If a given audiometric examination revealed a standard threshold shift, 1 that subject was retested within 30 days under baseline conditions.' Workers were examined by certified technicians in a sound proof booth using pure tone air conduction audiometry.
At the time of each audiometric test, workers were asked to report whether or not they were experiencing tinnitus, and positive responses were recorded as part of the audiometric test results. Noise exposure levels and type of hearing protection used during the previous year also were documented. Noise exposure levels were obtained from extensive sound level surveys conducted every 5 years beginning in 1971. Personal dosimeters were placed on individuals exposed to noise levels representative of specified job areas. Dosimeters were worn over a sampling period of 2 to 4 hours, and time weighted averages were documented at the end of each time period.
At the end of the 15 year study period (1992), information about more detailed aspects of tinnitus were collected for each subject by means of a questionnaire. The questionnaires also included information about medical, } Defined as a change relative to baseline of 10 dB or more in average hearing level at 2000, 3000, and 4000 Hertz, in either ear. 1 Fourteen hour period away from noise plus notification for worker to avoid high non-occupational noise levels before baseline exam. The use of hearing protection could be substituted for this requirement. 326 audiologic, and noise exposure histories (including past occupational, military, and recreational noise exposure), family history of hearing loss and tinnitus, and demographic characteristics, such as age, race, educational background, and number of years employed at the foundry. Questionnaires consisted of 103 items and required approximately 30 minutes to complete.
Workers were included in the present analysis if they met two criteria: • Had a hearing threshold level of ,;;;: 25 dBHL at 4000
Hertz in the left ear at Year I of the study period, and • Were exposed to environmental noise levels equal toh our time weighted averages~85 dBA for a minimum of 12 years (N = 91). Based on previous studies, 4000 Hertz was selected as the most likely test frequency to show permanent, noise induced, hearing threshold shifts (Bauer, 1991; Dobie, 1995) . The left ear was selected for this analysis because of the common finding that average hearing threshold levels in the left ear are worse than those in the right ear, except in very young people (Pirila, 1992; Simpson, 1993) . The data for this study were entered into a computer database and subsequently analyzed using SPSS7 (Statistical Package for the Social Sciences).
RESULTS
The ages of the workers at the beginning of the study period ranged from 18 to 41 years (mean, 27.2). The total number of years employed at ESCO ranged from 12 to 30 years (mean, 18). Of the 91 men studied, 29.7% reported tinnitus at least once at the time of annual audiometric testing over the 15 year study period.
Prevalence of Tinnitus Compared to Maximum Threshold Shifts at 4000 Hertz
A number of studies have found that groups reporting tinnitus show greater hearing threshold levels than those not reporting tinnitus (Chung, 1984; Coles, 1990; Phoon, 1993; Weiss, 1984) . This is particularly true for hearing threshold levels in the higher frequencies (3k, 4k, and 6k Hertz). The following analysis reveals a similar relationship in this study sample. Figure I compares the prevalence of tinnitus to maximum shifts in hearing threshold levels (defined as the greatest threshold shift occurring over the 15 year study period at 4000 Hertz in the left ear). For the purpose of this analysis, maximum threshold shifts were stratified into 2 groups: ,;;;: lOdB and 15dB. Figure 1 shows that 47 of 91 workers (51%) experienced a maximum threshold shift equal to or exceeding 15 dB. It is interesting to note that the prevalence of tinnitus increases more than two and one half times for workers experiencing a maximum threshold shift of~15 dBHL (42%) compared to workers with maximum threshold shifts of ,;;;:10 dBHL (16%) (XZ = 7.7; p =.005).
Temporal Relationship of Tinnitus to Maximum Threshold Shift at 4000 Hertz
In the present study, the temporal relationship of tin- noise exposed populations have been as high as 79%, depending on the type of population studied and how the question related to tinnitus was asked (Axelsson, 1992) .
In comparison, prevalence estimates of tinnitus for the general population have ranged from 2.3% to as high as 5% (American Tinnitus Association 1997 ; Brown 1990 ).
The tinnitus prevalence in this study population of 29.7% is most similar to that reported by Coles (1990) . As part of the United Kingdom National Study of Health, Coles reported a tinnitus prevalence estimate of 20.7% for a population of workers exposed to 8 hour time weighted averages of >90 dBA.
In the present study, it was of interest to examine the prevalence of tinnitus in relation to maximum threshold shifts at 4000 Hertz. Maximum shifts in hearing threshold were identified as the greatest threshold shift occurring over the 15 year study period at 4000 Hertz in the left ear. It is important to recall workers were included in this analysis if they had a hearing threshold level of~25 dBHL at 4000 Hertz in the left ear at Year 1 of the study period. The results of this analysis indicated that tinnitus prevalence increased dramatically as the maximum shifts in hearing threshold became larger. In fact, workers experiencing a maximum threshold shift of ;315 dBHL were two and one half times more likely to report tinnitus than workers experiencing maximum threshold shifts of~10 dBHL. This finding is consistent with previous findings that groups reporting tinnitus show greater hearing losses than those not reporting tinnitus.
The results of the present analysis contribute further support to the notion that tinnitus is strongly associated with noise induced hearing loss. An in-depth analysis of the association between tinnitus and hearing threshold shifts should include threshold shifts at 3000, 4000, and 6000 Hertz in both ears. Threshold shifts induced by noise are likely to appear at all three frequencies and in both ears. As mentioned earlier, threshold shifts in the left ear at 4000 Hertz were selected for this particular analysis based on prior reports that noise induced hearing loss is more likely to occur first at 4000 Hertz and that average threshold levels are often found to be worse in 
Prevalence of Tinnitus Based on Maximum Threshold Shifts in Hearing Level at 4000 Hertz
Prevalence estimates of tinnitus in occupationally nitus was evaluated by identifying the year at which the maximum threshold shift occurred for each worker, followed by subtracting the year at which tinnitus was first reported by that individual. Figure 2 indicates the results of this analysis (Xl = 1O.7;p =.03).
Overall, 20 of the 27 workers (74%) first reported tinnitus prior to the occurrence of their maximum threshold shift at 4000 Hertz. The remaining seven workers first reported tinnitus ranging from the same year the maximum threshold shift occurred (N = 1) up to 11 years after the maximum threshold shift occurred. For those who experienced little or no threshold shift «10 dB), only 2 of 7 workers (29%) reported tinnitus prior to their maximum threshold shift. However, of the workers who experienced maximum threshold shifts ;315 dB, 90% reported tinnitus prior to their maximum threshold shift.
It is clear from Figure 2 that in most cases, tinnitus is reported prior to the occurrence of maximum threshold shift at 4000 Hertz in the left ear. This strongly suggests that reports of tinnitus may be useful in identifying workers at greater risk for developing significant threshold shifts. To further evaluate this suggestion, it was important to look at the number of years tinnitus was reported prior to occurrence of maximum threshold shift.
For the purpose of this analysis, only workers reporting tinnitus prior to their maximum threshold shift were included (N = 20). Tinnitus was reported, on the average, 5.8 years prior to the maximum threshold shift, with a range of 1 to 16 years.
The results of this analysis suggest there is considerable variability as to when the maximum threshold shifts will occur following the first report of tinnitus. Some workers may experience maximum threshold shifts as soon as 1 or 2 years following the report of tinnitus, while others may not show a maximum threshold shift for 10 or more years. the left ear compared to the right ear. Findings from an earlier report of the same study population showed significantly greater hearing threshold levels at 4000 Hertz between workers reporting tinnitus and workers not reporting tinnitus. Differences in hearing threshold levels at 3000 and 6000 Hertz showed similar trends to those for 4000 Hertz. The differences between the two groups were somewhat smaller at 3000 Hertz and more variable at 6000 Hertz (Griest, 1996) .
To control for differences in threshold shifts that may be related to confounding factors such as age, number of years exposed, levels of noise exposure, non-occupational noise exposures, and medical conditions or etiologies that might contribute to hearing loss, an analysis of variance (ANOVA) was conducted with maximum thresholds shifts at 4000 Hertz in the left ear as the dependent variable. None of the confounding variables were found to be significantly different between the two groups, those reporting tinnitus and those not reporting tinnitus (p > .05).
Temporal Relationship of Tinnitus to Maximum Threshold Shift in Hearing Level at 4000 Hertz
Despite the large number of studies reporting the association between noise induced hearing loss and tinnitus, very little information has been available related to the temporal relationship of tinnitus to noise induced hearing loss. An examination of the temporal relationship of tinnitus to maximum threshold shifts at 4000 Hertz indicated 74% of those who developed tinnitus reported their tinnitus prior to the time at which their maximum threshold shift occurred. For workers who experienced maximum threshold shifts ;;.15 dBHL, 90% reported tinnitus prior to that threshold shift. These results strongly support the idea that reports of tinnitus at the time of annual audiometric testing may be useful in identifying workers at greater risk for developing significant threshold shifts. In addition, the number of years tinnitus was reported prior to the occurrence of maximum threshold shift varied greatly among the workers. This suggests that immediate evaluation of workers who report tinnitus at the time of annual audiometric testing may be desirable to prevent further damage from occurring. Such an evaluation might include a review of the effectiveness of hearing protection both on and off the job, as well as possibilities for transferring to job areas with lower levels of noise.
Limitations
For all studies of this type, certain limitations exist that need to be considered when applying these research findings to other workplace settings. It is very difficult to control for noise exposures experienced away from the work environment that may contribute to hearing loss and tinnitus. An attempt was made in the present study to quantify for each worker the amount of non-work exposure experienced over the 15 year study period. In most cases, this required workers to recall non-work exposures over a substantial time period, raising concerns as to the reliability of their responses. Although non-work exposures are important and need to be included as a determining factor for hearing loss and tinnitus identified in the workplace, limitations in quantifying precise nonwork exposure levels reduces our ability to determine how small or large a role it plays.
Another potentially confounding factor in this study is how reports of tinnitus were determined. At the time of each audiometric test, workers were asked to report whether or not they were experiencing tinnitus, and positive responses were recorded as part of the audiometric test results. As a result, previous experience of tinnitus was not taken into account. Thus, workers who experienced infrequent tinnitus may, in some cases, not be identified at all or identified several years after tinnitus onset. In a previously published report on the same study population, 9% of the workers did not report tinnitus during audiometric examinations from 1971 to 1990, but reported tinnitus occurring "several times per week" to "always there" in 1992 (Griest, 1996) . The importance of identifying when tinnitus first starts underscores the need to collect, at the time of audiometric examination, more detailed information related to both current and previous experience of tinnitus.
It also should be noted that observations from this study apply to noise environments expected to result in maximum threshold shifts at 4000 Hertz. Other studies of hearing loss in occupational settings report maximum hearing loss occurring at 3000 Hertz and 6000 Hertz. For this reason, it is desirable to monitor threshold shifts at other frequencies in addition to 4000 Hertz. Similarly, maximum threshold shifts in the left ear were evaluated in this particular study based on the common finding that average hearing threshold levels in the left ear tend to be worse than in the right ear. For a more complete understanding of the relationship between tinnitus and hearing loss, threshold shifts in the right ear also should be evaluated.
Finally, it is worth emphasizing that the current population being studied has been in a well conducted hearing conservation program since 1971. It is likely industrial environments exist where hearing conservation efforts are less vigorously pursued. Therefore, the observed associations between tinnitus and hearing loss found in this study may be more difficult to demonstrate in other industrial work environments.
CONCLUSION
The present study reveals the prevalence of tinnitus is likely to increase dramatically as hearing thresholds get larger. In this study, workers experiencing maximum threshold shifts of ;;.15 dBHL reported tinnitus two and one half times more often than workers experiencing threshold shifts of ,;;; 10 dBHL. In addition, the present study provides evidence that reports of tinnitus at the time of annual audiometric testing may be useful as an early indicator, identifying workers at greater risk for developing significant hearing threshold shifts.
Efforts have been made to identify early indicators of noise induced hearing loss, but none so far has proven satisfactory. The possibility that tinnitus may serve as an early indicator for noise induced hearing loss has important implications for the prevention of hearing disabilities in millions of Americans. It is recommended that the caref\1l documentation of tinnitus incidence, including questions related to frequency of occurrence and severity, should be included as part of the hearing conservation program. Additional information related to health history, non-occupational noise exposure, and tinnitus occurrences unrelated to noise exposure also could be obtained without undue cost or effort, as was done in the present study. In short, with a relatively modest outlay of resources, substantial savings in terms of preventing permanent noise induced hearing loss and tinnitus can be gained.
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